Abstract Present era of molecular biology is witnessing revolutionary developments in sequencing technology. This advancement has considerably influenced plant virology in the field of diagnostics and host virus interaction. Next generation high-throughput sequencing technology has made it possible to directly detect, identify and discover novel viruses in several plants in an unbiased manner without antibodies or prior knowledge of the virus sequences. Entire viral genome could be sequenced from symptomatic or asymptomatic plants through next generation sequencing of total nucleic acids including small RNAs. It provides census of viral population in a particular ecosystem or cropping system. Viral genome variability, evolution within the host and virus defence mechanism in plants can also be easily understood by massive parallel sequencing. In this article, we provide an overview of the applications of next generation sequencing technology in characterization, discovery and molecular interaction of plant viruses.
Introduction
Viruses comprise almost half (47 %) of the reported plant emerging infectious diseases [4] . The detection and identification of existing, emerging and new viruses have been relied on a large range of techniques viz., biological assay, electron microscopy, nucleic acid based techniques like polymerase chain reaction (PCR) and its variants, serology based techniques such as enzyme linked immunosorbent assay (ELISA) and more recently microarrays [7, 26] . Biological assays and electron microscopy are the oldest techniques employed as a ''broad screen'' for plant virus detection in situations of identification of new viruses [24] . Biological testing is dependent on the availability of suitable high quality indicator and propagative host plants. It also requires appropriate environmental conditions and in some cases symptoms appearance on indicator hosts may take several months. Moreover, the interpretation of test results is subjective. Electron microscopy provides direct evidence for the presence of virus and depends upon stains used and concentration of the virus in the plant saps however, it is not confirmative. Virus diagnostics became easily available because of two major breakthroughs during last four decades. The first one was serological assay in form of ELISA which used monoclonal or polyclonal antibodies for detection of viruses [10] . The other one was the use of in vitro amplification of DNA commonly called as PCR [8] . Both these techniques were modified for broad based detection of plant viruses. Group-specific degenerate primers were designed and used for broad-based detection of several plant virus genera [22] . The degenerate primers based on less number of sequences often give false results. The ''consensus decay'' of potential primer sequences has been observed as the sequence information on viruses is increasing over time [44] . Another drawback in using degenerate primer sets is the inability of the resultant PCR protocol to detect all, or at least only a fraction of the viruses that are known or unknown in the targeted virus group. Also, with poorly designed primers, non-specific amplification of plant host nucleic acid may occur resulting in false positive reactions. Cocktail polyclonal antibodies were used for broad based detection of relative strains or different species of virus but further characterization is difficult. Thus these techniques suffer from several significant drawbacks, especially when used in diagnostics of 'unknown' agents, e.g. either a virus infecting a new host or a new uncharacterized virus or when the virus is significantly varying from the other species of the same genus as all these routinely used techniques require previous knowledge about the virus, either its sequence information or antibody. Given these drawbacks, novel approaches such as next generation sequencing (NGS) technologies have been used for improved detection and characterization of new or unusual viruses affecting diverse plants. Next generation sequencing has also been used to dissect the mystery behind diseases of unknown viral etiology as well as host interaction of plant viruses. This review provides an insight into the progress made in applications of NGS in characterization, discovery and molecular interaction of plant viruses Table 1 .
Next Generation Sequencing (NGS) Technologies
During earlier days decipheration of genetic information encoded in DNA was achieved through capillary electrophoresis (CE)-based Sanger sequencing. The NGS technology based on the similar principle of CE, involves rapid sequencing of large stretches of DNA base pairs spanning entire genomes, with the latest instruments capable of producing hundreds of giga bases of data in a single sequencing run. It overcomes the inherent draw backs of Sanger sequencing in throughput, scalability, speed, and resolution. The principles and methodology of NGS has been reviewed by many authors and recently Capobianchi and associates [9] has discussed this in details along with application of NGS in clinical virology. High throughput NGS techniques are powerful tools as they are the backbone of metagenomics based strategy for identification of unknown disease associated viruses and discovery of novel viruses. It has made a huge impact in many areas of microbial evolution, mechanisms of pathogenesis and phylogeography [36] . Next Generation Sequencing or second and third -generation sequencing enables the direct detection, identification and discovery of viruses in an unbiased manner without requiring antibodies or prior knowledge of the pathogen macromolecular sequence [5, 12, 32] [34] . Ion Torrent PGM and Heliscope sequencing technologies are in between ''second-'' and ''third-generation'' technologies, since they possess many of the second and some of the third generation technologies [5] .
Applications of NGS Technologies in Plant Virology
Next-generation sequencers have hastened up the advancement in hunting for viruses and their diagnostics by metagenomic analysis and deep sequencing. De novo sequencing of viruses using deep sequencing is a new technique that has successfully identified known and unknown viruses from long or short reads [9] . Different approaches are employed in next generation deep sequencing and metagenomics for the detection and identification of plant viruses. One such method is the isolation of total nucleic acid from infected host and massive sequencing. Adams et al. [1] analyzed total RNA from tomatoes infected with the Pepino mosaic virus (PepMV). Another strategy is the enriching of viral RNA by increasing the amount of dsRNA and sequencing of this dsRNA fraction using NGS [11] . In a virus-infected plant, small interfering RNAs (siRNAs) derived from the viral genome form a considerable proportion of the small RNA population. Reassembling significant portions of the virus sequence from overlapping siRNA sequences to identify the virus is another successful method employed through massive sequencing of siRNAs [20] . Vector-enabled metagenomics using NGS is another practical strategy to study the diversity of viruses whose transmission is through vectors [28] . Applications of NGS technologies in phytovirology have been discussed.
Discovery of Novel Viruses and Resolving Unknown Etiology of Diseases
High-throughput parallel sequencing of small RNAs was used for the first time to identify novel plant viruses and Virus-host interaction [14] Vitis vinifera Virus-host interaction [35] Application of Next Generation Sequencing in Plant Virology 159 [28] sequence of an entire viral genome from diseased, as well as symptomless sweet potato plants was obtained by Kreuze et al. [20] . Contigs were assembled from using small sequence assembly software (velvet) and RNA, ssDNA and dsDNA reverse transcribing viruses were identified. A novel Cucumovirus was identified from deep sequencing of long cDNA reads [1] . A sample of Gomphrena globosa infected through mechanical inoculation with an unknown pathogen originally isolated from the flowering plant Liatris spicata. RNA from this G. globosa sample was sequenced using one-quarter of a plate from a GSFLXGenome Sequencer (Advanced Genomics Facility, Liverpool University, Liverpool, UK) and it contained a new Cucumovirus, for which the name 'Gayfeather mild mottle virus' was suggested. Analysis of small RNA sequences from leaves of wild Dactylis glomerata (cocksfoot grass) using deep sequencing (454 Life Sciences, Roche Diagnostics) revealed unrecognised Cereal yellow dwarf virus, genus Luteovirus, family Luteoviridae) infections in a wild population of cocksfoot grass [29] . Analysis of small RNA populations in two cultivars of Pinot gris (PG) grapevines showing field symptoms of chlorotic mottling and leaf deformations in the Trentino region (Italy) also led to the discovery of new species of virus. Illumina high throughput sequencing showed an unrecorded virus along with other known viruses. This virus had a genome organization identical to that of Grapevine berry inner necrosis virus (GINV), a Trichovirus reported only from Japan, but molecular differences with GINV were wide enough to warrant classification of the virus in question as a new species, for which the provisional name of Grapevine Pinot gris virus is proposed [16] . Ng et al. [28] used vector enabled metagenomics to describe the DNA viral community from whiteflies (Bemisia tabaci) collected from two important agricultural regions in Florida, USA and successfully characterized the active and abundant viruses that produce disease symptoms in crops, dominated by Cucurbit leaf crumple virus, a Begomovirus known to infect watermelon plants at this sampling site as well as the less abundant viruses infecting adjacent native vegetation. Small RNA deep sequencing using NGS technology followed by de novo sequence assembly of virus infection suspected tomato samples could identify a novel Potyvirus with less than 60 % overall genome nucleotide sequence identity to other known viruses and its full genome sequence was obtained [21] .
Ecogenomics of Viruses and Characterization of Viral Population or ''Virome''
Next generation sequencing enabled massive parallel sequencing or metagenomics allows the census of virus populations in a particular ecosystem or cropping system and the viral population is known as ''virome''. Roossinck and associates [33] conducted a biodiversity inventory of viruses through metagenomics of 10-20 g of plant materials collected from Tall Grass Prairie Preserve in northeastern Oklahoma, an area of relatively low plant diversity; and the Area de Conservacio 0 n Guanacaste in northwestern Costa Rica, an area of extremely high plant diversity and observed the infection of viruses of the following families; Bromoviridae, Caulimoviridae, Chrysoviridae, Closteroviridae, Endornaviridae, Luteoviridae, Narnaviridae, Partitiviridae, Potyviridae, Totiviridae, Tymoviridae and some of the unclassified viruses. In their metagenomic study both polyadenylated and non-polyadenylated viruses including DNA viruses could be sequenced. On the other hand multiple polyadenylated RNA viruses could be detected in pooled cultivated and wild plant samples using massively parallel sequencing of ploadenylated RNA species from RNA extracted from 120 leaf specimens from 17 plant species and twelve of the viruses identified belonged to previously described genera Potyvirus, Nepovirus, Allexivirus, and Carlavirus and four were unknown and are proposed as members of the genera Potyvirus, Sadwavirus, and Trichovirus [38] . Polyadenylated RNA from a plant of the Western Australian endemic legume Hardenbergia comptoniana and from a plant of the naturalised weed species Passiflora cearulea was sequenced using Illumina technology. De novo assembly revealed the complete genome sequences of two distinct isolates of Hardenbergia mosaic virus (HarMV), an isolate of Passionfruit woodiness virus, and an undescribed virus with identity to members of the family Betaflexiviridae [40] .
Deep sequencing approach has been used to characterize plant virus infection in grapevine from Italy, South Africa and USA, 2, 3, 11, 16. A number of grapevine-infecting viruses were discovered from long reads of dsRNA isolated from an individual plant, or from pooled tissue from a vineyard [2, 11] . Two novel DNA viruses belonging to the genus Badnavirus and the genus Mastrevirus were discovered. Deep sequencing analysis of RNAs from grapevines showing syrah decline symptoms using Life Sciences 454 high-throughput sequencing showed multiple viruses as well as viroid infection and a novel virus Grapevine syrah virus 1 (GSyV-1) was discovered from grapevines in USA [2] . Next generation sequencing of dsRNAs of pooled samples from 44 grapevine plants, detected a number of grapevine-infecting viruses as well as putative fungal viruses [11] . Characterization of the virome in single grapevines by 454 high-throughput sequencing of double stranded RNA recovered from the vine stem was dominated by mycoviruses. The analysis revealed a substantial set of sequences similar to those of fungal viruses which represented half of all known mycoviral families including Application of Next Generation Sequencing in Plant Virology 161 the Chrysoviridae, Hypoviridae, Narnaviridae, Partitiviridae, and Totiviridae [3] . An analysis of small RNA populations from PG grapevines in the Trentino region (Italy) was carried out by Illumina high throughput sequencing. The study disclosed the virus and viroids contents of the two vines that was composed by Grapevine rupestris stem pitting-associated virus (GRSPaV), two viroids Hop stunt viroid (HSVd) and Grapevine yellow speckle viroid 1 (GYSVd1), the Marafiviruses Grapevine rupestris vein feathering virus (GRVFV) and GSyV-1, and a hitherto unrecorded virus [16] .
Complete Genome Sequencing
Meta-analysis of existing small interfering RNAs (siRNA) libraries derived from drosophila and mosquito cell cultures helped the reconstruction of five previously undescribed RNA viruses, showing that in virus-infected insect cells, virus-homologous siRNAs are sufficiently abundant and overlap enough to allow their assembly into contiguous segments of sufficient length to be useful for diagnostic purposes [37] . This approach was extended to plant viruses in intact plants by Kreuze et al. [20] and successfully identified and reconstructed a Potyvirus and Closterovirus from viral small RNAs that had been experimentally introduced into sweet potato plants. Next-generation sequencing coupled with metagenomic analysis was used to produce large quantities of cDNA sequence in a model system of tomato infected with PepMV and 20.1 % of the total sequences were PepMV [1] . The extracted PepMV sequences were aligned against a reference genome and minimum of 200-fold sequencing coverage was achieved for the whole virus genome [1] . The complete genome sequence for an isolate of the Ugandan and Tanzanian strain types of Cassava brown streak virus from symptomatic cassava have been determined using the novel approach of non-directed NGS using GS-FLX Genome Sequencer (Advanced Genomics Facility, Liverpool University, UK) [25] . The complete genome sequence of a Passion fruit woodiness virus isolate from Australia was determined using deep sequencing on Illumina sequencing platform and the accuracy of the genome sequence information was 42-1691-fold sequence coverage and viral RNA accounted for 7.38 % of total polyadenylated RNA from the host plant [39] . Four suspected virus-infected tomato samples collected in the U.S. and Mexico were deep sequenced and after in silico subtraction of the tomato small RNAs, the remaining virus-like siRNA pools were assembled with or without reference virus or viroid genomes. A complete genome was obtained for Potato spindle tuber viroid (PSTVd) using siRNA alone and a near complete virus genome (98 %) was obtained for PepMV [21] .
Investigation on Viral Quasispecies RNA viruses are notorious for the plasticity of their genomes due to the error prone nature of RNA dependent RNA polymerase and there occurs a wide variety of mutants that are present in virus populations, which are often referred to as quasispecies. Information on these sequence variants is critically relevant to know the viral evolution and spread, virulence, evasion of the host immune response etc. Hagen and associates [17] used de novo sequencing of virusderived siRNAs to reconstruct and sequence two strains of Tomato spotted wilt virus that differ considerably in their infectivity characteristics, an unidentified Tospovirus infecting S. lycopersicum, and a squash-infecting DNA virus. Small RNA sequence processing, assembly, and virus and viroid genome identification was done from virus infection suspected tomato samples and a common mixed infection of two strains of PepMV (EU and US), which shared 82 % of genome nucleotide sequence identity, also could be differentially assembled into their respective genomes [21] . Using high-throughput sequencing, Fabre et al. [15] analyzed the population dynamics of four Potato virus Y (PVY) variants differing at most by two substitutions involved in pathogenicity properties by developing mathematical model that can accurately describe both selection and genetic drift processes shaping the evolutionary dynamics of viruses within their hosts.
Study of Antiviral Defence Mechanism
Several recent studies by profiling of virus-specific small interfering RNAs (vsRNAs) using NGS platforms implicated the role of plant-encoded RNA dependent RNA polymerases (RDR) in vsRNA biogenesis and vsRNAmediated antiviral defence [31] . The viral small RNA profile was analyzed in wild-type plants as well as mutants by applying small RNA deep sequencing technology using a crucifer-infecting strain of Tobacco mosaic virus (TMVCg) and thaliana as a model system. The study revealed an important role for host RDRs in viral siRNA biogenesis and for viral siRNA-mediated virus-host interactions in viral pathogenicity and host specificity [30] . Profiling of Cymbidium ringspot virus (CymRSV) derived short RNAs (vsRNAs) from the first systemically infected leaves of Nicotiana benthamiana using two different high-throughput sequencing platforms suggest that CymRSV siRNAs are produced from the structured positive strand rather than from perfect double stranded RNA or by RNA dependent RNA polymerase [41] . Donaire and associates [14] profiled the vsRNAs produced by eight other viruses, including Cucumber mosaic virus, Potato virus X, Melon necrotic spot virus (MNSV), Tobacco rattle virus (TRV), Pepper mild mottle virus (PMMoV), Watermelon mosaic virus, Turnip mosaic virus, and Tomato yellow leaf curl virus, a DNA virus. They found that similar to CymRSV, TRV and PMMoV were associated with vsRNAs that were biased towards (?) strand origin, although the difference was less pronounced than for CymRSV. High-throughput pyrosequencing and the profiling of the HSVd small RNAs (vd-sRNAs) recovered from the leaves and phloem of infected cucumber (Cucumis sativus) plants suggest that viroid-derived double-stranded RNA functions as one of the main precursors of vd-sRNAs and the existence of a selective trafficking of vd-sRNAs to the phloem tissue of infected cucumber plants [23] . Deep sequencing of the small RNAs derived from two symptomatic variants of a chloroplastic viroid and further analysis support the concept that viroids are elicitors and targets of the RNA silencing machinery of their hosts [13] . To gain insights on the genesis and possible role of vd-sRNAs in plant-viroid interaction, sRNAs isolated from Vitis vinifera infected by HSVd and GYSVd1 were sequenced by the highthroughput platform Illumina. Findings showed different Dicer-like enzymes target viroid RNAs, preferentially accessing to the same viroid domains which suggest that viroid RNAs may interact with host enzymes involved in the RNA-directed DNA methylation pathway, indicating more complex scenarios than previously thought for both vd-sRNAs genesis and possible interference with host gene expression [27] . Yan et al. [42] characterized siRNAs derived from Rice stripe virus (RSV), a member of the genus Tenuivirus through deep sequencing of small RNAs from infected rice leaves and showed that siRNAs were derived almost equally from virion and complementary RNA strands and were mostly 20-22 nucleotides long. High-resolution small RNA map for a monopartite begomovirus and its associated betasatellite was generated using Illumina-based deep sequencing and the results suggest that viral transcript might act as RDR substrates resulting in dsRNA and secondary siRNA production. In addition, the betasatellite affected the amount of vsRNAs detected in S. lycopersicum and N. benthamiana plants [43] .
Small RNA (sRNA) deep-sequencing combined with transcriptome profiling determined the global impact of Tobamovirus infection on Arabidopsis sRNAs and their mRNA targets. Infection of Arabidopsis plants with Oilseed rape mosaic virus (Tobamovirus) causes a global sizespecific enrichment of micro RNAs (miRNAs) and other phased siRNAs. The observed patterns of sRNA enrichment suggest that in addition to a role of the viral silencing suppressor, the stabilization of sRNAs might also occur through association with unknown host effector complexes induced upon infection [18] . Small RNA analysis by Illumina sequencing from a non-coding region of Cauliflower mosaic virus (CaMV) in Arabidopsis indicated the mechanism of CaMV small RNAs as decoy RNAs to evade silencing machinery from viral promoter and coding regions [6] . Silva et al. [35] attempted the characterization of a population of vsRNAs from cotton plants infected with Cotton leafroll dwarf virus, a member of the genus Polerovirus, family Luteoviridae and results suggest that virusderived double-stranded RNA functions as one of the main precursors of vsRNAs.
Concluding Remarks
Next generation sequencing based identification of viral genome depends heavily on the softwares used for comparative analysis, sequence informations and reference genomes. However such sequence based identification may be erroneous due to incomplete and inaccurate data accumulation in the reference databases [19] . Improved algorithms of sequence analysis can reduce such errors. Next generation sequencing is a beneficial tool to detect and diagnose virus and virus like and other pathogens present in a sample and has been successfully demonstrated particularly when prior knowledge of the causal agent of the disease is not known. It will unfold many mysteries of virus-host interaction. The etiology of several nationally important diseases such as urdbean leaf crinkle, pigeonpea sterility, mango malformation, taping panel dryness of rubber, coconut root wilt can be established using high throughput sequencing technology. It will also be helpful in studying the spectrum of pathogens in economically important crops. Viral derived small RNA sequencing is emerging as a promising strategy for exploration of viruses and this can be a valuable part of the virologist's tools for diagnosis and discovery of new viruses in plants and other organisms. This technology can be useful for everyday diagnostics of plants, animals and human beings, once it becomes cheaper and widely available.
